The evolution of different life-history strategies has been suggested as a major force constraining physiological mechanisms such as immunity. In some long-lived oviparous species, a prolonged persistence of maternal antibodies in offspring could thus be expected in order to protect them over their long growth period. Here, using an intergenerational vaccination design, we show that specific maternal antibodies can display an estimated half-life of 25 days post-hatching in the nestlings of a long-lived bird. This temporal persistence is much longer than previously known for birds and it suggests specific properties in the regulation of IgY immunoglobulin catabolism in such a species. We also show that maternal antibodies in the considered procellariiform species are functional as late as 20 days of age. Using a modelling approach, we highlight that the potential impact of such effects on population viability could be important, notably when using vaccination for conservation. These results have broad implications, from comparative immunology to evolutionary eco-epidemiology and conservation biology.
INTRODUCTION
The evolution of different paces of life has been suggested as a major force constraining physiological mechanisms [1] . In particular, species with a slow pace of life are expected to trade high adult survival rates with slow developmental rates [2] . As expected under this hypothesis, long-lived bird species display longer incubation periods [3] and longer nestling periods. Immune responses should exhibit the same trend, with a stronger allocation to responses favouring adult survival but requiring time to be fully effective in long-lived species [4] . However, the sophisticated response of the host immune system against parasites relies on different components involving various timing and allocation issues during their development [5] . In particular, the activation of acquired humoral immunity is a critical process to prevent the deleterious effects of exposure to a wide variety of parasites in vertebrates, but this response is not active at birth. Passive acquisition of immune compounds from the mother nevertheless occurs, notably via the egg yolk, placenta or colostrum [6] and can prevent negative effects of parasites [7, 8] . The ability of mothers to transfer antibodies of their own acquired immunity to their young is thus probably an essential pathway to enhance offspring survival early in life [9, 10] . Critical features of this transgenerational transfer of immunity could thus represent important life-history traits that have coevolved with other life-history traits and components of the immune system [4, 9] . Although the evolutionary ecology of this transgenerational-induced response has recently attracted increasing attention [9] [10] [11] , little is known about ecological and life-history factors affecting its variability among species [12] , despite wide potential implications.
In birds, maternal antibodies accumulate in the oocyte during egg yolk formation and receptor-mediated absorption by the chick begins shortly before hatching [13] . These antibodies are usually considered to decay within a few days or weeks after hatching in classical model species, such as quails and chickens [14, 15] , although variability may exist among individuals and species, and the protection conferred by those antibodies can last after they reach undetectable levels [8, 16] . The temporal persistence of those maternal antibodies has been shown to be positively related to the level of antibodies initially transferred in the egg yolk within a given species [17] , but little is known about the potential role of other factors. In particular, within and among-species variability in the propensity to transfer immune protection has been largely overlooked in vertebrates [9, 12] , and investigations with non-model species in natural settings have the potential to lead to important findings. The few studies conducted so far with species other than classical avian models have consistently reported a relatively short temporal persistence of those antibodies [17 -23] and some evidence of variability among species [17, 23, 24] . In particular, in species with a slow pace of life, one could expect maternal antibodies to persist for a prolonged time to provide hatchlings protection over the long rearing period, thus allowing for the slow development of a strong immune system. If maternal antibodies were to persist much longer in offspring of species with slow growth, this could have implications for the ecology and evolution of host-parasite interactions, but also with regards to allocation issues related to offspring growth.
Much interest has been developing on the relationship between immunocompetence and its costs during development. Different studies have demonstrated in birds that an immune challenge during development was responsible for a reduction in the growth rate [25, 26] , which is known to influence the fitness of nestlings [27] . However, those studies have mostly focused on innate immune mechanisms, and the potential role of the transfer of maternal antibodies as a mechanism favouring chick growth in the face of parasitic challenge has often been neglected (but see [28] ). This is perhaps because experimentally assessing such a role requires a specific challenge of mothers before breeding and the monitoring of the dynamics of specific maternal antibodies in offspring via repeated sampling during the subsequent rearing period. Although such studies would greatly benefit from considering species with contrasting life histories, to date, data are mostly available for relatively fast-living species, precocial or altricial [14, 16, [21] [22] [23] 29, 30] . Some studies on long-lived species, such as the California condor (Gymnogyps californianus), suggest a longer maternal protection [24] , but design limitations do not permit a clear interpretation of the dynamics of maternal antibody decay. Very little information is also available for other important groups of slow-developing birds displaying long rearing period, such as Procellariiformes. Using a transgenerational vaccination experimental design, we explored the temporal persistence and functionality of maternal antibodies in such species.
Procellariiform species are long-lived colonial seabirds that display a slow pace of life with among the longest chick-rearing periods in birds [31] . For instance, the Cory's shearwater (Calonectris diomedea) develops very slowly with chicks spending about 90 days at the nest. Despite such extreme and specific life histories, little information exists on the ecology of immunity in these species [32] [33] [34] , notably on specific humoral immunity. Prior to egg laying, and using a vaccine to mimic a microparasitic infection, we experimentally manipulated exposure to Newcastle disease virus (NDV) in female Cory's shearwaters in order to explore properties of the maternal transfer of antibodies in this species, notably by monitoring the dynamics of specific anti-NDV antibody levels in chicks throughout the rearing period. Here, we report a long temporal persistence of maternal antibodies in nestlings of this long-lived colonial procellariiform species. Data gathered using a similar design in the black-legged kittiwake (Rissa tridactyla) and in the common quail (Coturnix coturnix) allow a comparison of the temporal persistence among species and highlight a previously unsuspected strong variability of this important trait that deserves more attention. We also show that maternal antibodies in the considered procellariiform species are functional as late as 20 days of age. A modelling approach exploring a realistic but hypothetical situation allowed us to illustrate that the potential impact of such effects on population viability could be important, notably if vaccination was used for conservation of populations threatened by pathogens affecting nestling survival. These results, which have potential implications not only in eco-epidemiology and wildlife conservation, but also in biomedicine, highlight how basic approaches in ecological immunology and the evolution of life histories can lead to findings that can have far-reaching implications, well beyond these already vast fields.
MATERIAL AND METHODS
(a) Model species and study populations The Cory's shearwater has a long lifespan of over 30 years and a long annual breeding season (eight months). As do all Procellariiforms, Cory's shearwater lays one large single egg [35] and incubation is quite long (54 days in this species). The hatched chick takes about 90 days to complete its development and to fledge [36] . By contrast, incubation lasts 17 days in quails and 27 days in black-legged kittiwakes. Quail chicks leave the nest just after hatching, while kittiwake chicks fledge at about 35 days of age [37] . Fieldwork with Cory's shearwaters was conducted in Gran Canaria (15847 0 18 00 N; 27850 0 41 00 E, Canary Archipelago, Spain) in 2010. The experiment with kittiwakes took place in Northern Norway [21] . Quails were bred in Konnevesi Research Station (University of Jyväskylä, Finland; [29] ).
(b) Vaccination design and quantification of NDV antibodies In all three species, vaccines were used to mimic the exposure of mothers to microparasitic antigens prior to egg laying [38] . At the time of their first capture, females either received a subcutaneous injection with a killed NDV vaccine (Nobivac Paramyxo P201, Intervet, France) or a subcutaneous injection of saline solution. We checked that all females did not have anti-NDV antibodies prior to vaccination. When sampled at the time of egg-laying, all vaccinated females subsequently displayed detectable levels of anti-NDV antibodies while all control females remained negative throughout the study. Chicks were sampled repeatedly throughout the rearing period, starting at 1 day post-hatch in shearwaters and 5 days post-hatch in kittiwakes and quails (see figure 1 for the ages), to allow the determination of the dynamics of maternal antibodies in their plasma.
On each occasion, blood was collected from the ulnar vein (kittiwake, quail) or the tarsal vein (shearwater) using 1 ml syringes and stored at 48C. Within a few hours, samples were centrifuged and plasma was stored at 2208C pending serological analyses. Measures of specific anti-NDV antibody levels in females and chicks were performed once for each sample using a competitive enzyme-linked immunosorbent assay (ELISA) test (Svanovir NDV-Ab, Svanova Biotech, Sweden) and are expressed as percentage of inhibition (PI). Analyses conducted on sub-samples allowed us to check the high repeatability of the measures. Antibody levels were standardized across species by subtracting the negativity threshold to the inhibition percentage (negativity threshold: mean of negative controls þ 2 s.d.; shearwater: 0.31, kittiwake: 0.30 and quail: 0.22). In addition, in shearwaters, a subset of chicks was vaccinated when 20 days old (n ¼ 11 chicks from control mothers, n ¼ 5 chicks from vaccinated mothers) in order to investigate whether persistent anti-NDV maternal antibodies might block a response to vaccination, as previously shown for other species [21] .
(c) Statistical analyses
We analysed the dynamics of anti-NDV antibody levels in chicks according to their treatment and the treatment of their mothers using generalized additive mixed models (GAMMs), using the library mgcv in R [39] , based on penalized regression splines and generalized cross-validation to select the appropriate smoothing parameters. GAMMs combine the utilities of linear mixed models [40] and generalized additive models [41] so that random factors, fixed factors and nonlinear predictor variables can all be estimated in the same statistical model. To compare dynamics of decay of maternal antibodies accounting for their level at hatching, we also calculated the half-lives of these antibodies for each species. To do so, we determined the curve of exponential decrease in concentration using mixed models with chick nested within species as a random effect. We then calculated the half-life for each species using the equation:
Results present half-lives and associated 95% CI.
(d) Modelling effects on population viability
In order to illustrate the effect of the temporal persistence of maternal antibodies on population viability in such long-lived species and its potentially strong conservation implications, we built an age-structured matrix population model [42] that allowed comparison of contrasted scenarios with regard to the protective effect of maternally acquired antibodies. To consider a simple and demonstrative situation, we hypothesized that a vaccine could be available against a pathogen negatively affecting young offspring survival and circulating in a small population of a long-lived wild bird species. Such a situation is highly plausible if we consider a wild bird species threatened by a pathogen originating from domesticated animals [43] . The model enabled us to address the importance of the length of the protection offered by maternally acquired antibodies as a result of the vaccination. The model was parameterized for a small population of an endangered procellariiform species exposed to annual epidemics of a pathogenic microparasite greatly impairing newborn survival during the rearing period. For this modelling approach, we focused on the realistic case of the endangered Amsterdam albatross (Diomedea amsterdamensis) on Amsterdam Island, breeding close to a population of yellow-nosed albatross (Thalassarche chlororhynchos) which is exposed to recurrent epizootics during the breeding season, possibly owing to the avian cholera agent [44, 45] . Realistic parameter values for survival and reproductive rates are available for this yellow-nosed albatross population [44] . Reproduction happens once a year and births are synchronous in the population. The annual interbreeding life cycle of individuals can be described by a Leslie matrix so that population at time t þ 1 can be obtained from the equation:
with A designating the Leslie matrix, and N t and N tþ1 describing the population, respectively, at time t and t þ 1.
We assumed a density-dependent decrease of reproductive rate in order to keep the maximum population sizes below a certain threshold (fecundity ¼ f 0 (1 2 N/K) with f 0 the maximal fecundity, K the carrying capacity and N the population size). Massive die-offs have been reported in the first weeks after hatching in yellow-nosed albatross chicks of this population, with mortalities up to 74 per cent, while adults remained mostly unaffected [45] . We considered in the model that a fraction of the sensitive breeding female population could be vaccinated each year against the disease-causing agent and thus transmit a temporary passive protection to their chicks. We assumed that a safe and efficient vaccine is available [46] and that protection given by vaccination is lifelong. Females are individually marked when vaccinated (e.g. using leg rings), thus sensitive and vaccinated females could be distinguished at any time, and a protocol relying on the vaccination of only sensitive females could be implemented.
Following vaccination, the lifelong protection of adult females is supposed to come with lifelong detectable levels of specific antibodies. The transmission of maternal antibodies by adult females is thus assumed to be recurrent over the rest of their lives. Maternal antibodies are assumed to be protective for chicks during a time equivalent to two half-lives after hatching. Assuming an exponential decay, when this time point is reached, chicks have antibody levels corresponding to a quarter of their initial level. We set that each year newborns from sensitive mothers suffered an additional mortality of 70 per cent owing to an annual epidemic of the parasite occurring when they are a few weeks of age, while offspring born to vaccinated mothers suffered no additional mortality. All surviving offspring and subsequent adults are considered not to transmit protective antibodies against the parasite until they may be vaccinated (this is either because they have not been exposed to the parasite, given that 100% of exposed chicks without maternal antibodies are assumed to die, or because they have lost their maternal protection owing to the natural decay of maternal antibodies). For simplicity, no further heterogeneities among individuals are considered. Also, the dynamics of pathogen circulation is not modelled as a function of the proportion of Figure 1 . Decay of specific anti-NDV antibody levels in chicks from mothers exposed to NDV vaccine for three different bird species, the quail (green), the black-legged kittiwake (blue) and the Cory's shearwater (red). The standardized percentage of inhibition (PI) is presented on the y-axis; 0 represents the negative threshold. The lines correspond to the mean for each species estimated using generalized additive mixed models (GAMM), and the coloured regions around the means represent the associated 95% CI of the slopes. [46] . This other potential benefit of the vaccination design is not explored in the current paper. Projections of the long-term impact of the maternal effect on population viability are then evaluated by comparing scenarios with no (or short term) maternal protection of newborns to scenarios with a long-term maternal protection of nestlings on the breeding ground (outside the breeding season, no transmission occurs as the birds are out at sea). All evaluations begin with a population displaying the stable age structure of the population and are run with the software SCILAB (the code is provided as the electronic supplementary material).
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RESULTS
(a) Temporal persistence of maternal antibodies A total of 314 blood samples from females and chicks of various ages, obtained during a period of six months of fieldwork, allowed us to explore in detail the dynamics of maternal antibodies in nestlings of a natural population of Cory's shearwater. All chicks from control mothers (n ¼ 37) were negative at hatching, while immunization of mothers (n ¼ 19) resulted in detectable levels of anti-NDV antibody in early offspring life. Maternal antibodies decayed at a much slower rate in shearwaters than in the two other species (figure 1). While maternal antibodies waned before 15 days in kittiwake and quail chicks, most shearwater chicks still had detectable antibodies at 30 and 40 days of age. The half-life of maternal anti-NDV antibodies was indeed much higher in shearwaters (24.75 days (95% CI: 18.07 -39.24)) than in kittiwakes (5.43 days (95% CI: 3.46-11.55)) or quails (5.25 days (95% CI: 3.58-9.90)).
As in quails and kittiwakes [21, 29] , the antibody levels in females of Cory's shearwaters showed a positive correlation with chick levels soon after hatching (Pearson's correlation coefficient at 5 days of age: r 5d ¼ 0.81, n ¼ 17 chicks from vaccinated mothers, p , 0.001). Importantly, this correlation between females and chicks antibody levels lasted throughout the rearing period in shearwaters despite decreasing numbers of chicks owing to natural mortality during rearing and the use of a sub-sample of chicks for testing a late blocking effect (figure 2; at 10 days of age, r 10d ¼ 0.95, n ¼ 17; at 20 days of age, r 20d ¼ 0.91, n ¼ 12; at 30 days of age, r 30d ¼ 0.91, n ¼ 12, at 40 days of age, r 40d ¼ 0.91, n ¼ 9, p , 0.001 and at 65 days of age, r 65d ¼ 0.72, n ¼ 8, p ¼ 0.042).
(b) Late blocking effect of the maternal antibodies To investigate a potential blocking effect of maternal antibodies, we exposed a subgroup of nestlings to the NDV vaccine at 20 days of age and found that nestlings which had received maternal anti-NDV antibodies did not show an increase in antibody levels by 65 days, while nestlings from control mothers did (65 days mean level of nestlings from vaccinated mothers + s.e.: 0.49 + 0.03, n ¼ 3; 65 days mean level of nestlings from non-vaccinated mothers: 0.70 + 0.16, n ¼ 9; figure 3 ). This blocking effect suggests that maternal antibodies are functional as late as 20 days after hatching in shearwaters. By contrast, quail chicks that received maternal antibodies mounted an immune response after vaccination at 20 days of age [29] .
(c) Population projections The long persistence of maternal protection suggested by the empirical results could prevent the local extinction of an endangered albatross population hypothetically facing a recurrent epidemic affecting newborns at the end of their fourth week of rearing (figure 4, green curve, corresponding to maintaining 40% of the females vaccinated). The effect of an assumed fast decay of maternal antibodies is no different from an absence of protection if newborns are facing an epidemic at the end of their fourth week of rearing. In the considered situation, it leads to a dramatic reduction of population size over a few decades and probable extinction (figure 4, red 
DISCUSSION
The results obtained show a predicted but surprisingly long persistence of maternal antibodies in nestlings of a long-lived colonial procellariiform species, an order of birds with among the longest chick-rearing periods. By implementing a field experiment using an intergenerational vaccination design, we indeed found that specific maternal antibodies can persist more than 40 days in the plasma of Cory's shearwater nestlings, with an estimated half-life of 25 days posthatching. Further, we provide evidence that this temporal persistence is much longer than previously known for birds by comparing the results with comparable data obtained from two shorter lived species (the quail and the kittiwake). We also show that maternal antibodies in Cory's shearwater are functional as late as 20 days of age and that the impact of such effects on population viability could be important, notably when using vaccination for conservation.
Life-history theories predict that investment in resourcedemanding processes should depend on the individual pace of life [1] . In particular, this implies a stronger investment in acquired rather than innate immunity in long-lived species [4] . This is because innate immunity is associated with a highly costly response, while acquired responses in vertebrates include memory mechanisms that reduce the costs of multiple encounters of the same parasite, an event more likely to happen in long-lived species. Although evidence is scarce, the negative correlation between the response to injection of phytohaemagglutinin (a test commonly used to assess innate cellular immune responsiveness) and survival in adult birds [47] , and the absence of decay in acquired immunity with age in a long-lived procellariiform species [34] tend to support this hypothesis. The results we report here further show that the transfer and the temporal persistence of maternal antibodies in offspring are key maternal effects that may relate tightly with the evolution of other life-history characteristics.
Procellariiformes are particular in many aspects, notably with regards to the precocity of chick development [35] , and key perspectives of our results are whether the high temporal persistence of maternal antibodies we found in the Cory's shearwater (i) is a feature common to other Procellariiformes and (ii) is also found in other long-lived bird species with a long chick growing period at the nest. In addition to California condors [24] , candidate species to be considered are notably griffon vultures (Gyps fulvus), king penguins (Aptenodytes patagonicus) and parrots. Complementary data on various species would allow a more formal comparative approach to test whether the species half-life of maternal antibodies is positively related to the length of the chick-rearing period when accounting for phylogenetic constraints and other ecological characteristics, such as general exposure to parasites or colonial breeding habits [9] [10] [11] 48] . In any case, obtaining such data would allow further investigations of the implications and underlying causes of the variability of this neglected trait. It should also be noted that any data obtained to assess the persistence of maternal antibodies would also provide an efficient approach to explore the inter-species variability in immunoglobulin persistence in adults of oviparous species [15] . This would, however, be more complicated for mammals as immunoglobulins can also be transferred after birth via the colostrum and the milk [6] .
Events occurring early in life can have long-lasting implications [27] , and thus the discovery of a very slow decay of maternal antibodies in a long-lived species has implications with regards to the interpretation of the optimization of life histories and potential phylologenetic effects on the dynamics of host-parasite interactions. The very long persistence of immunoglobulins in the Cory's shearwater could thus be an adaptation favouring chick survival in early life and allowing the development, and potentially the shaping, of the humoral immune repertoire in procellariiform species.
Humoral immunity based on antibodies does not provide efficient protection against all parasites, but it clearly provides a powerful mechanism of protection against many [5] . The maternal transfer of antibodies could thus have strong effects on the dynamics of infectious diseases. Despite being temporary, the protection potentially provided by specific maternal antibodies may indeed when there is no exposure to the disease agent in the population, the population is maintained stable by density-dependent reproduction. Grey curve: when there is no maternal protection or when maternal protection vanishes before an annual epidemic of the disease agent (half-life of maternal antibodies shorter than 10 days, including the 5 days reported for quail and kittiwake), the population is driven towards extinction on a short time scale even if adult females are vaccinated. Black curve: a vaccination coverage of 40% of the sensitive breeding females associated with a sufficiently long half-life of maternal antibodies in offspring (over 10 days, thus including the 24.75 days half-life reported for Cory's shearwater) can dramatically dampen the effects of the annual epidemic and prevent local extinction. Parameters: adult annual survival rate: 0.95; subadult annual survival rate: 0.87; juvenile annual survival rate: 0.7; parasite-induced chick mortality: 0.7; fecundity rate: 0.3 female/female. Initial population size corresponds to the equilibrium population size and age structure at carrying capacity.
Ecology of maternal antibody persistence R. Garnier et al. 2037 dramatically change the susceptibility landscape of parasites. It is effective at a time thought to favour the spread of disease agents, as temporal aggregation of breeding individuals increases contact rates [49] , while reproduction results in the production of a pulse of naive individuals [46] . This could be especially the case for long-lived colonial birds such as Procellariiformes, which can breed in aggregates of thousands of pairs. In addition to protective effects against pathogens, maternal antibodies have been suggested to be responsible for an educational effect by acting on the ongoing process of lymphocytes maturation to select clones that display a higher reaction to selected parasites [50] . Maternal antibodies could also allow the occurrence of a 'natural vaccination' by attenuating the effects of an infection by a parasite, thus producing optimal conditions for the immunization of the newborn [51] , a mechanism that might be particularly valuable in longlived species. Our results thus highlight that the maternal transfer of antibodies may well be a key example of an adaptive transgenerational-induced response with far-reaching implications [52, 53] . The only study that investigated the relationship between the transfer of maternal antibodies and the pace of life suggested that slow-living species deposit less immunoglobulin Y (IgY) in the yolk of their eggs [12] . However, this study is based on the quantification of levels of antibodies in the egg yolk and did not consider the persistence of the transferred antibodies in the newborn, nor accounted for the level of circulating antibodies in the mother plasma at the time of egg laying. Moreover, species may vary in their propensity for taking up antibodies from the egg yolk (see below). Finally, the innate immune response of chicks [47] and levels of natural antibodies [54] , which are important components of innate humoral immunity [55] , have been found to be positively correlated with the length of the incubation period. Together with persistent levels of maternal antibodies, higher levels of both cellular and innate humoral immunity after hatching could thus be part of a strategy allowing for the slow development of a fully functional acquired immune system in long-lived species.
Understanding the factors affecting the persistence of immunoglobulins is important to gain further insights into the evolution of the vertebrate immune system, but also into the dynamics of immunity in natural populations and its consequences on the ecology of host-parasite interactions [56] . Infectious diseases are thought to be a major threat for endangered species [43] and the results we obtained could thus have relatively direct implications for the conservation of some species. For instance, if the current finding about maternal antibody persistence extends to other Procellariiformes, our modelling results suggest that the use of efficient vaccines on breeding females of species such as albatrosses may be a possible way of protecting populations against the risk of extinction, owing to pathogens affecting offspring during the rearing period in the colony. The modelling results highlight that despite a strong classical dependence of the rate of population change on adult survival in long-lived species, manipulating the levels of protection of endangered long-lived Procellariiformes could dramatically change population projections in the case of a highly virulent nestling pathogen, in particular, when disease agents are possibly locally novel pathogens introduced through human activities. Of course, such a conservation application would require more specific research work, notably in terms of detailed understanding of the host-pathogen system involved, and would need to account for ethical and practical issues regarding the use of vaccines in wild populations and especially in endangered species. Further modelling work could also be valuable to optimize potential vaccination coverage and management interventions [57] . Vaccination has been considered a relevant part of conservation programmes of endangered species [58] and our results suggest that considering the prolonged persistence of some protective antibodies in nestlings of long-lived colonial species could greatly increase the potential usefulness of specific vaccines as management tools. Figure 5 . Effect of the vaccination coverage on the size of a hypothetical albatross population at the end of the evaluation (300 years) for various levels of parasite-induced chick mortality. Reasonable vaccination efforts have a strong rescue effect on the population: after a first year of high vaccination effort (60-70 females), the vaccination of only a few (generally 1 or 2) sensitive adult females is needed each year to maintain a vaccination coverage of 40% of the adult females. Parameters: adult annual survival rate, 0.95; subadult annual survival rate, 0.87; juvenile annual survival rate, 0.7; fecundity rate, 0.3 female/female; half-life of maternal antibodies ¼ 25 days. Initial population size corresponds to the equilibrium population size and age structure at carrying capacity.
Functionally, the strong temporal persistence of maternal antibodies could be a by-product of the evolution of a decreased catabolism of proteins in these species with a slow pace of life. IgY, the avian equivalent of the mammalian IgG, are protected from the normal catabolic pathway by an intracellular recycling mechanism that relies on a receptor, FcRY [59] . Interestingly, this receptor is also responsible for the uptake of antibodies from the egg yolk in the hatchling [60] . An increase in the expression of the FcRY or in the strength of the FcRY-IgY interaction could thus not only contribute to greater half-lives of IgY but would also help hatchlings achieve high levels of circulating IgY despite a possible lesser investment of females in egg yolk deposition of IgY in longer lived birds [12] . Evidence for the possibility of such mechanisms comes from studies of the mammalian counterpart of FcRY, the neonatal Fc receptor (FcRn), which is implicated in both the transfer of antibodies from mother to young and the recycling of IgG (see [61] for a review). Both the level of expression of FcRn [62] and the affinity of the receptor for IgG [63] are important factors governing the half-lives and the serum levels of antibodies in mammals. In parallel to comparative genomic approaches, investigations on the functionality and density of FcRY receptors in Procellariiformes and other bird species could thus yield important complementary findings. Understanding mechanisms underlying the prolonged half-life of IgY might also have direct relevance for the development and the engineering of more effective therapeutic antibodies [63] , a fast developing and important way of treatment of autoimmune and inflammatory diseases.
In conclusion, using an intergenerational vaccination design, we showed in a long-lived species that specific maternal antibodies can persist in offspring much longer than previously known for birds. Using a modelling approach, we show that this could importantly affect the dynamics of host-parasite interactions, and can have strong conservation implications. The results also raise important questions about the underlying mechanisms involved in the temporal persistence of antibodies in species with contrasting life histories. Overall, our study underlines how current interest in ecological immunology, provided that it is based on sound comparative and experimental approaches, has the potential to lead to further important new findings at the interface between fields such as evolutionary ecology, biomedicine, conservation biology and eco-epidemiology.
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